The evolutionary origins of the Krebs cycle (tricarboxylic acid cycle) are not currently clear. Despite the existence of a simple non-enzymatic Krebs cycle catalyst being dismissed only a few years ago as 'an appeal to magic', citrate and other intermediates have since been discovered on a carbonaceous meteorite and do interconvert non-enzymatically. To identify a metabolismlike non-enzymatic Krebs cycle catalyst, we used combinatorial, quantitative high-throughput metabolomics to systematically screen iron and sulfate compounds in a reaction mixture that orients on the typical components of Archaean sediment. Krebs cycle intermediates were found to be stable in water and in the presence of most molecule species, including simple iron sulfate minerals. However, in the presence of sulfate radicals generated from peroxydisulfate, the intermediates underwent 24 interconversion reactions. These non-enzymatic reactions covered the critical topology of the oxidative Krebs cycle, the glyoxylate shunt and the succinic-semialdehyde pathway. Assembled in a chemical network, the reactions achieved over 90% carbon recovery. Our results show that a non-enzymatic precursor of the Krebs cycle is biologically sensible, efficient, and forms spontaneously in the presence of sulfate radicals.
T he tricarboxylic acid (TCA) cycle, or Krebs cycle, is a central metabolic pathway, typically of oxidative function. This metabolic pathway provides precursors for the biosynthesis of amino acids, and plays an essential role in fatty-acid breakdown, cellular respiration, and energy and redox metabolism 1 . The widespread occurrence of at least its oxidative reactions 2, 3 indicates that at least parts of the Krebs cycle originated at a very early stage in evolution; perhaps dating back to the origin of life [4] [5] [6] . A frequently discussed hypothesis proposes that the Krebs cycle obtained its structural topology by Darwinian selection principles that were enabled by the 'ribonucleic acid (RNA) world' . A post-genetic origin implies that pathway topologies are subject to progressive change, implying that the modern Krebs cycle could differ substantially from its early precursors 7 . However, a post-genetic origin of metabolism struggles to explain how multiple, structurally complex enzymes came into being initially; enzymes themselves are made-up from the metabolic products of the Krebs cycle. Second, a Darwinian origin for the metabolic network topology has difficulties in explaining the high number of reactions that recur between kingdoms despite a lack of enzyme sequence conservation 8 . An alternative hypothesis thus proposes that at least the key metabolic reactions originated from environmental chemistry. In this scenario, inorganic catalysis determines the basic structure of metabolism [9] [10] [11] [12] .
As enzymatic mechanisms of the Krebs cycle have limited resemblance to inorganic catalysis, the idea of a non-enzymatic origin was received sceptically by many 5, 13 . For instance, Leslie Orgel, a leading scientist in shaping the RNA world hypothesis, dismissed the possibility that a simple inorganic catalyst that could replace a series set of TCA-like reactions as 'an appeal to magic' 5 . However, despite the fact that a simple catalyst was indeed missing, others have argued that several Krebs cycle metabolites form in organic chemical reactions 9, 10 . Meanwhile, the presence of a series of TCA intermediates has been confirmed on a carbonaceous meteorite 14 . Furthermore, citrate and other TCA intermediates undergo highly efficient reductive interconversion reactions on semiconductor particles when exposed to strong ultraviolet light 15 . A non-enzymatic precursor to the Krebs cycle is therefore catalytically possible. Moreover, the existence of a unifying, simple catalyst has become plausible. Non-enzymatic reactions that replicate two other metabolic pathways, glycolysis and the pentose phosphate pathway, are united in their common dependence on ferrous iron as the catalyst and co-substrate 16, 17 . Fe(ii) is abundant in typical Archaean sediments 18, 19 , implying that general chemical environments, rather than niche conditions, may have been key to shaping the structure of metabolic pathways.
We chose a systematic screening strategy whereby ~4,850 absolute quantitative experiments were performed to examine the reactivity of TCA intermediates in the presence of typical Archaean sediment constituents, as well as related iron and sulfur species. We found that the TCA intermediates were unreactive in the presence of the majority of iron and sulfate combinations, including the simple mineral, ferrous sulfide (FeS). However, in the presence of the radical donor peroxydisulfate, we detected 24 non-enzymatic interconversion reactions. These reactions resemble the isomerization and oxidative reactions of the enzymatic Krebs cycle, the glyoxylate shunt and the succinic semialdehyde pathway, so that their critical topologies are covered. A chemical network assembled from these reactions achieves more than 90% carbon recovery, forming a plausible non-enzymatic precursor for the origin of the early Krebs cycle.
results
We optimized the throughput of a liquid-chromatography multiple reaction monitoring (LC-MRM) method to allow for absolute quantification of TCA intermediates in the 6,100 samples eventually generated by this study. We next assessed the reactivity of citrate, cis-aconitate, isocitrate, α -ketoglutarate, succinate, fumarate, © 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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The 24 non-enzymatic reactions occurred at an average rate of 0.280 μ mol min −1 , for 100 μ M substrates in the presence of peroxydisulfate and ferrous sulfide; however, that rate decreased to just 0.0433 μ mol min −1 in the absence of ferrous sulfide. The conversion of succinic semialdehyde to succinate was the fastest reaction, while that of citrate to succinate was the slowest reaction ( Fig. 3a and Supplementary Fig. 7 ). In addition, the two reactions were enabled by Fe(ii) (Fig. 1) , and were substantially faster in the peroxydisulfate/ferrous sulfide milieu, and respectively occurred at 33.0 and 34.7% rate in the Fe(ii) milieu ( Supplementary Fig. 7 and Supplementary Table 1 ). Furthermore, the intermediates that were exclusively detected in the presence of peroxydisulfate are probably exclusive to the simple milieu, as they are converted to the downstream product at a faster rate than they are formed, once the iron sources are combined with peroxydisulfate ( Fig. 3a ). Peroxydisulfate can act via a one (radical)-or two-electron mechanism 25, and it possesses a high oxidative potential 26, 27 owing to the donation of sulfate radicals that form on activation by iron and iron-containing sediments such as pyrite 28 , other trace metals 29, 30 , as well as photolysis and thermolysis 31, 32 . Hypothesizing that the TCA-like reactions were dependent on the formation of these radicals, we investigated the effect of hydrogen peroxide (H 2 O 2 ), which in the presence of Fe(ii) produces hydroxyl radicals via the Fenton reaction. Of the 24 reactions, 10 were also enabled by H 2 O 2 ( Fig. 4a and Supplementary Table 5 ); however, the specificity was 83% lower and the cumulative reaction rate was 91.1% lower ( Fig. 4a ). Next, we exploited the differential scavenging properties of 2-propanol and tert-butanol. While 2-propanol efficiently scavenged both hydroxyl and sulfate radicals (
, tert-butanol was less efficient at scavenging the sulfate radical ( 33 . TCA-like reactions were not prevented by tert-butanol, but scavenging of sulfate radicals by 2-propanol abolished most of reactivity (Fig. 4b,c and Supplementary Table 5 ). Radical quenching had a lesser impact on some reactions, which could be explained by incomplete scavenging or by the non-radicalic activity of peroxydisulfate and its product ( Fig. 4d ). However, for the majority of reactions, the presence of sulfate radicals was essential.
Discussion
All living cells possess a metabolic network whose topological structure is conserved across kingdoms; this includes pathways like glycolysis and its variants, where the enzymes are not sequence conserved. Sometimes confused with another important question about whether life was of heterotrophic or autotrophic origin 34 , the origin of this metabolic network remains a largely unsolved problem [35] [36] [37] . An increasing number of experiments reveal that its core structural parts resemble spontaneous chemical reactions and nonenzymatic catalysis 16, 21, 38 . A theory that explains the metabolic origin by an environmental inorganic chemistry is indeed attractive, as it facilitates a stepwise scenario for the origin of enzymes 39, 40 . In the presence of a chemical network, not all enzymes that form a pathway need to come into being at the same time to achieve a functional unit 41 . Moreover, a chemical system can be improved in steps starting from its most limiting reaction.
Fe(ii) dependent non-enzymatic reactions that resemble glycolysis and the pentose phosphate pathway (PPP) 16, 17 reveal that metabolism-like reaction networks can form on the basis of a simple and prebiotically abundant catalyst. Seen from another perspective, chemical reactions that are driven by the most abundant Archaean transition metal are part of the metabolic network. However, two key questions remain unanswered. First, there is currently no prebiotically plausible scenario that forms glycolytic and PPP precursors; for example, glucose-6-phosphate and 6-phosphogluconate, respective. It is thus not known how a non-enzymatic glycolysis could malate and oxaloacetate when heated in water in an artificial nitrogen atmosphere (to replicate the low oxygen concentrations of the pre-metabolic world 20) . TCA intermediates were stable and did not spontaneously react to form other TCA intermediates or other products (Fig. 1a,b and Supplementary Fig. 1 ). The only exception was oxaloacetate, which formed pyruvate via decarboxylation ( Fig. 1b and Supplementary Fig. 2 ). The Krebs cycle thus contrasts with the glycolysis and pentose phosphate pathways, in which several intermediates spontaneously interconvert in water 16, 17 . Nonenzymatic TCA-like reactivity was therefore highly dependent on enabling chemistry. Furthermore, these experiments served as important controls because they confirmed the absence of enzymatic contamination.
Transition metals were prebiotically abundant and remain common metabolic catalysts today 21 . We tested a transition metal mixture that reflects the iron, cobalt, nickel and molybdenum concentrations of typical Archaean sediments 18, 19, 22 and found that isocitrate reacted to form α -ketoglutarate, succinate and pyruvate, and α -ketoglutarate reacted to form succinate ( Fig. 1c and Supplementary Table 1 ). These reactions were dependent on Fe(ii) (Supplementary Fig. 3 and Supplementary Table 2 ), and therefore probably dependent on the α -hydroxyl or α -keto moieties that are specifically present in isocitrate and α -ketoglutarate-since these moieties form iron binding sites ( Fig. 1d ) 23 . Furthermore, these reactions followed a clear pH profile ( Supplementary Fig. 4 ), similar to Fe(ii)-mediated glycolysis-like reactions 17 .
The low number of reactions ruled out the possibility that transitionmetal catalysis is sufficient to enable a non-enzymatic Krebs cycle ( Fig. 1d ). A major bottleneck occurs at the conversions of citrate to isocitrate, and succinate to fumarate, which are both typically catalysed by iron-sulfur-cluster enzymes 24 . Iron-sulfur minerals such as pyrite could have acted as catalysts in a prebiotic metabolism 4 , but the surface chemistry of these minerals bears little resemblance to the chemistry of metabolic catalysis. We tested ferrous sulfide as a simple mimetic of an iron-sulfur mineral, but detected no TCA-like reactions ( Supplementary Tables 3 and 4 , and Supplementary Figs 5 and 6). We continued with a systematic screen, testing ten sulfurcontaining compounds, seven iron sources and five TCA substrates in all possible combinations ( Fig. 2a ). Again, most reaction mixtures had no effect on TCA intermediates ( Fig. 2b ). However, a comprehensive spectrum of reactivity was enabled on addition of peroxydisulfate ( Fig. 2b and Supplementary Table 3 ). In the twotimepoint screening format, we detected up to 13 TCA-metabolite forming reactions ( Fig. 2b and Supplementary Figs 5 and 6).
We noticed that when combined with iron sources, in particular ferrous sulfide, the reaction spectrum enabled by peroxydisulfate was substantially altered. Most reactions were accelerated, while some intermediates were no longer observed at the expense of additional TCA metabolites that were formed (Supplementary Table 1 ). We therefore continued with a detailed and quantitative (kinetic) characterization of the reactions starting from citrate, cis-aconitate, isocitrate, α -ketoglutarate, succinate, succinic semialdehyde, fumarate and malate in the presence of peroxydisulfate and ferrous sulfide. In the quantitative time-series analyses, we detected 24 reactions that interconvert TCA metabolites ( Fig. 3a) . A network graph assembled from these reactions showed that a high proportion of the TCA-cycle (its oxidative and isomerization reactions), the glyoxylate shunt, and the succinic semialdehyde pathway were covered by the topology of this non-enzymatic system (Fig. 3b,c) .
Considering that our conditions were optimized to obtain a maximum number of TCA-like reactions, rather than maximum yield, the non-enzymatic network was found to be highly efficient. After two hours, 91.9% of the carbon was recovered in TCA intermediates, of which 42.3% were newly formed TCA metabolites. Only 8.1% were non-TCA metabolites, including carbon dioxide ( Fig. 3c ).
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NATure ecOlOgy & evOluTiON escape equilibrium. Second, glycolysis-and PPP-like reactions cannot explain the origin of other pathways that depend on a different chemistry, one without phosphorylated intermediates. The Krebs cycle is an example of such a pathway.
What is attractive about the Krebs cycle is that the nonenzymatic formation of its intermediates has been repeatedly described, including their presence in high concentrations on a carbonaceous meteorite [13] [14] [15] . In our systematic search for a 1 | tCa intermediates were stable in water but showed reactivity in the presence of transition metals frequently found in archaean sediments. a, Reaction scheme of the TCA cycle, including a canonical topology for the Krebs cycle, glyoxylate shunt and succinic semialdehyde (SSA) pathway. b, TCA intermediates were stable in water at 70 °C, with no reactivity detected over the five-hour monitoring period; except for oxaloacetate, which formed pyruvate (red arrow, see Supplementary Fig. 2 ). Grey dashed lines indicate the Krebs cycle topology. c, An Archaean-sediment-like mixture of transition metals increased the reactivity when examined in time course experiments (0-300 min). Isocitrate was converted to α -ketoglutarate, succinate and pyruvate, while α -ketoglutarate was converted to succinate ( Supplementary Fig. 3 ). d, The reactions identified in c (red arrows) were projected onto a TCA cycle scheme. α -Hydroxyl and α -keto moieties that allow specific interactions with ferrous iron are indicated in red. 
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plausible Krebs cycle catalyst, we excluded chemical conditions that cannot persist within the boundaries of a cell (in particular, ultraviolet light, high pressure, temperatures above 100 °C), and we avoided niche conditions and metals that play virtually no role in metabolism (titanium, borate). We only screened molecules based on elements important for metabolism that are frequent components of Archaean sediment, used low-oxygen conditions and compromised on a temperature (70 °C) that was high enough to facilitate the measurement of slow reactions, yet low enough to be compatible with life.
Although the TCA cycle intermediates were highly stable overall, our high-throughput screen did reveal a single hit. Peroxydisulfate enabled a series of TCA-like reactions, which we found to be dependent on the formation of sulfate radicals. These non-enzymatic reactions replicate the oxidative and isomerization reactions of the Krebs cycle, the glyoxylate shunt and the succinic semialdehyde pathway (Fig. 2) , forming a chemical reaction network of extraordinarily high yield (> 90%). Indeed, in several reactions, the formation of non-TCA metabolites was negligible (Fig. 3c) . In other words, TCA metabolites specifically interconverted between TCA intermediates, while forming hardly any of the many other thermodynamically possible products. To put the non-enzymatic yield into perspective, it substantially exceeds that of an in vitro glycolysis using purified Escherichia coli enzymes 42 Supplementary Table 4 and Supplementary Fig. 7 for rate data. b, Schematic of the enzyme-catalysed Krebs cycle (grey), glyoxylate shunt (orange) and succinic semialdehyde pathway (red). c, Non-enzymatic TCA-like reactions were highly efficient and replicated large parts of the reaction spectra of the TCA cycle, glyoxylate shunt and succinic semialdehyde pathway. Non-enzymatic reactions were coloured according to whether they replicate the Krebs cycle (black), the glyoxylate shunt (orange) or the succinic semialdehyde pathway (red). Circle diagrams illustrate the efficiency in terms of TCA metabolite recovery (substrate formation; blue), TCA-intermediate formation (red) and carbon loss (formation of non-TCA intermediates; grey). The inner and outer circles respectively represent peroxydisulfate and the combination of peroxydisulfate and ferrous sulfide. *Note that quantification of citrate exhibited higher technical variability for the combination of peroxydisulfate and ferrous sulfide-see Methods for details. Abbreviations: Succ. semiald., succinic semialdehyde; others are as Fig. 2a .
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is provided by the physicochemical properties of the sulfate radical. Compared with hydroxyl radicals whose half-life in water is just 10 −9 s, sulfate radicals are orders of magnitude more stable, and persist for several seconds 43 . Furthermore, the sulfate radical carries a negative charge at physiological pH, and thus is affected by a repulsive force between itself and charged carboxyl groups in the TCA intermediates. These electrostatic interactions, along with the steric hindrance caused by the sulfate radical's larger spatial dimensions, limit access to reactive positions on TCA intermediates. These properties limit the number of reaction products, at least for the stable end products of multi-step reactions that were detected with our set-up (Supplementary Table 6 ). The reactions observed included decarboxylations, oxidoreductase-like redox reactions and dehydrations, and for some a reaction topology like that of the TCA cycle was obtained. For instance, succinate could form from citrate, aconitate, isocitrate and α -ketoglutarate. These reactions showed a similar dependence on sulfate radicals and a similar quenching behaviour. This implies that succinate was formed in a Krebs-cycle-like reaction sequence that started with citrate being converted to cisaconitate, which was then converted to isocitrate, α -ketoglutarate, succinic semialdehyde and finally succinate. In contrast, the formation of pyruvate from citrate appeared to be independent of the radical species, while other pyruvate forming reactions were inhibited by a radical scavenger. Pyruvate was thus likely formed via more than one reaction path.
The fact that almost all the reactions were dependent on the presence of sulfate radicals could be indicative of the prebiotic environment in which the Krebs cycle emerged. Although the reactive radicals themselves have not been preserved over billions of years, there remain indirect traces of an early sulfur redox chemistry. Microfossils in 3.4-billion-year-old rocks from Western Australia are some of the earliest traces of life on Earth, and are characterized by their formation in pyrite and their biotic origin 44 . This contrasts with glycolysis and the PPP, which depend on Fe(ii) but not on sulfur species 16 . This observation might shed new light on the endosymbiont theory. While glycolysis and the PPP are typically cytoplasmic, in most eukaryotic species, both the TCA cycle and the assembly of iron-sulfate clusters occur in the mitochondira 45 .
How could a series of non-enzymatic reactions enable the evolution of the Krebs cycle, which, as well as interconverting and oxidizing metabolites, plays a role in anabolism and includes key co-factor-coupled reactions? To complete the Krebs cycle, a C-C bond forming reaction to yield citrate (catalysed by citrate synthase) is required but this was missing from the non-enzymatic Inset: total absolute cumulative reaction rates for hydrogen peroxide, peroxydisulfate and control (water); for all cumulative rates (panels a-c), starting substrate concentrations were 100 μ M. Data are given as the mean ± s.d.; n = 3. b, Left: differential scavenging capacities of 2-propanol and tert-butanol (as indicated by their respective equilibrium constants, k) allow for discrimination between reactivity mediated by sulfate radicals and that mediated by hydroxyl radicals. Right: the reactivity mediated by peroxydisulfate was quenched by the sulfate radical scavenger, 2-propanol. Data are given as the mean ± s.d.; n = 3 (see Supplementary Table 5 for rate data). c, The effects of 2-propanol and tert-butanol on three representative non-enzymatic reactions (black dots indicate the presence of the corresponding scavenger; 2-propanol for SO 4 •− and tert-butanol for HO • ). For the reaction, isocitrate to α -ketoglutarate, 2-propanol and tert-butanol caused large and medium reductions in the reaction rate, respectively. The reactions of cis-aconitate to succinate and isocitrate to succinic semialdehyde were mainly, but with different penetrance, affected by the sulfate radical scavenger. d, The different effects of 2-propanol (red) and tert-butanol (black) confirmed the reaction's greater dependence on sulfate radicals. Values were calculated on the basis of the scavenger's ability to reduce non-enzymatic reactivity versus controls; as described in c. Abbreviations: 2-PrOH, 2-propanol; t-BuOH, tert-butanol; others are as Fig. 2a .
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series. However, a full or reductive cycle is present in only a subset of biological species, and thus is probably not the evolutionary starting point for the Krebs cycle 2,3 . Indeed, an oxidative directionality is the expected thermodynamic outcome for non-enzymatic reactions. Cofactor-dependent reactions reverse the directionality in living system and prevent the system from attaining equilibrium, these are considered a speciality of enzymatic catalysis. The closure of the TCA cycle via a citrate-synthase-like reactivity means that a significant advantage could be achieved by adding just a single enzymatic step. This provides an interesting case for the evolution of an enzyme-catalysed metabolism. Another possibility is that the first versions of the Krebs cycle could have been heterotrophic in nature, with precursors coming from environmental chemical reactions that did not necessarily bear a resemblance to metabolic pathways 14, 15 . Alternatively, early closure of the Krebs cycle might not have been required if its oxidative reactions were fed by other metabolism-like reactions, such as a pyruvate carboxylation that enabled coupling to an early glycolysis. The existence of a nonenzymatic pyruvate carboxylase reaction could unify key issues in explaining the origins of glycolysis, the PPP and the Krebs cycle.
In summary, we describe a mutually compatible, efficient, nonenzymatic catalysis that interconverts TCA cycle intermediates. The reactions were enabled by sulfate radicals that form on activation of peroxydisulfate. The resulting chemical network covers the topology of the conserved (oxidative) part of the Krebs cycle, and achieves more than 90% carbon efficiency. The simplicity of these 'environmental' conditions, which were based around a unifying sulfate catalyst, shows that the Krebs cycle could have emerged from a non-enzymatic precursor that forms spontaneously in the presence of sulfate radicals.
Methods
General study design. Sample size. Experiments exploring the available chemical reaction space are constrained by combinatorics: the number of samples multiplies with each additional condition to be tested. To address this issue, we simplified and optimized sample preparation, liquid-chromatography selective reaction monitoring (LC-SRM) and statistical analyses for screening purposes, at the expense of exact reaction rate measurements. In subsequent verification experiments, we used more resource-intensive methods for optimal chromatographic separation and absolute quantification of reaction rates. This allowed us to measure more than 4,850 samples along with 1,250 controls, external standards and blanks, and to efficiently analyse and manually curate the corresponding ~65,000 LC-SRM chromatograms.
Replicates and time series. Each calculated reaction rate is based on a time-series experiment with six collection points, which were performed in at least three replicates. Rates were only calculated for those reactions that showed significant product accumulation in all three replicates. Consequently, a rate calculation for one reaction under a given condition comprised 18 measurement points.
Sample collection/endpoints. Sampling points in time-course experiments were typically set to 0, 10, 30, 60, 120 and 300 min to cover both relatively fast and slow reactions. The reaction of oxaloacetate to pyruvate was the only one that was too fast for these intervals and we designed an alternative experimental setup with narrower intervals to follow this reaction.
Quality control and outliers. Peaks were identified by matching retention time and fragmentation properties to externally measured chemically pure standards. Automated peak picking and integration of specific transitions by MassHunter (Agilent) was backed up by additional manual inspection of all peaks (see LC-SRM method section). We controlled for cross-contaminations and carry-over by repeated measurement of blanks and substrate-free controls.
Materials. Metabolite standards were obtained at high purity. If not otherwise indicated, the product number refers to Sigma-Aldrich: sodium citrate (71635), sodium isocitrate (I1252), cis-aconitic acid (A3412), sodium α -ketoglutarate (K2010), sodium succinate (14160), succinic semialdehyde (Santa Cruz Biotechnology, F1114), sodium fumarate (F1506), l-malic acid (M6413), sodium pyruvate (P2256), oxaloacetic acid (O4126), iron acetate (339199), FeCl 2 (372870), FeCl 3 (157740), Fe(ClO 4 ) 2 (334081), Fe(ClO 4 ) 3 (309281), ferrocene (F408), FeS(268704), H 3 PO 4 (P5811), 2-mercaptoethanol (Merck Millipore, 805740), cysteine (30095), dl-ethionine (E5139), dimethylsulfoxide (D8418), homocysteic acid (69453), NaHSO 3 (Acros Organics, 41944), methionine (M9375), ammonium peroxydisulfate (Fischer Scientific, 10219790), sodium sulfite Na 2 SO 3 (Fischer Scientific, 10070400), sodium sulfate Na 2 SO 4 (Fischer Scientific, 10493372). All water was obtained commercially at a purity suitable for ultra-performance liquid chromatography (UPLC) and mass spectrometry (Biosolve Chemicals, Cat no. 23214102).
LC-SRM method for TCA metabolite quantification.
For quantification of TCA intermediates, an Agilent 1290 Infinity Binary LC system with an online coupled Agilent 6460 triple quadrupole mass spectrometer was used. Sample separation was achieved on a Zorbax Eclipse Plus C18 Rapid Resolution column (1.8 μ m, 2.1 mm × 50 mm; column temperature, 30 °C; Agilent). Solvent A contained 5% methanol, 0.2% acetic acid and 10 mM tributylamine in UPLC-grade water (Greyhound) and Solvent B was 100% methanol (Greyhound). Injection of 1.5-2.5 μ l of sample onto the column at 0.5 ml min −1 was followed by gradient elution according to the UPLC gradient conditions given in Supplementary  Tables 7-11 . For each injection the needle was washed with water:acetonitrile (2:1) containing FlushPort to prevent sample carryover. Including washing and re-equilibration, this resulted in cycle times of between 4.4 and 16 min, depending on the gradient conditions ( Supplementary Tables 7-11 ).
Mass spectrometric quantification of specific products was performed in multiple or selective reaction monitoring (MRM or SRM) mode. Instrument parameters and metabolite transitions for each feature were optimized using pure commercially available standards ( Supplementary Tables 12 and 13 ). Tandem mass spectrometry data were analysed using a Masshunter Workstation (Agilent) via its QQQ analysis software. All automatically integrated peaks were manually curated to ensure high data quality and consistency with regularly measured quality-control standards. Repeatedly measured external standard dilution series were used for determination of absolute metabolite concentrations. Further analysis and fitting of reaction rates were performed in R (www.R-project.org) 46 Determination of reaction rate. For each replicate, the recorded time series was used to determine product formation rates (time-dependent accumulation of reaction products). Different fitting algorithms were used to account for varying modes of product formation, caused by the dissimilar chemical properties of substrates, products and co-products, as well as other effects such as intermediate stabilities, reaction orders or reaction-induced changes to the chemical environment. The models used were: (1) a least-squares linear model for continuous product formation; (2) a nonlinear growth model, = − ⋅ y ae b c x , which is part of the SSgompertz module in R; (3) the maximum initial growth rate within the linear range using the least squares model, to be used for products with dynamic formation/degradation behaviour; and (4) and an exponential decay model, y = a 2 −bx + c. The best fitting model was chosen according to the respective coefficient of determination (R 2 ) values and was confirmed by manual review of the plotted curves.
Statistical analysis of iron/sulfur reactivity screen. Differential raw peak area data (Δ X i = X t=300 − X t=0 ) between t = 300 min and t = 0 min were calculated from the individual LC-SRM peak areas extracted using the Masshunter software (Agilent) and were indicative the accumulation of products (positive values) or the removal of substrates (negative values). Assuming a normal distribution, we then calculated z-scores (z i ) (for a graphical representation, see Supplementary  Fig. 5 
with σ(X) being approximated by the median absolute deviation (MAD) according to: σ = MAD(X) × 1.4826. Two-tailed P-values were then calculated from the z-scores using a normal distribution function, f(x) where the mean of the population, μ, was 0 and σ was 1:
All calculations were performed in R using standard inbuilt functions, including mad() and pnorm(). A graphical representation of the results can be found in Fig. 2b and Supplementary Fig. 6 .
Iron-rich Archaean sediment simulation experiments.
The TCA substrates (100 μ M) were combined with a freshly prepared metal-rich mixture (200 μ M FeCl 2 , 10 nM CoCl 2 , 400 nM NiCl 2 , 10 nM MoO 4 and 100 μ M H 3 PO 4 ) in a low-oxygen N 2 atmosphere generated by three repeated vacuum/N 2 gas cycles in an anoxic chamber (Coy Lab Products). The mixtures were then sealed in glass vials designed for high-performance liquid chromatography (HPLC) (Agilent, 5182-0717 and 5182-0716), and incubated at 70 °C in a water bath. For all substrates, other than oxaloacetate, samples were collected after 0, 10, 30, 60, 120 and 300 min by rapid cooling on ice. This resulted in measurement of 486 samples plus controls. After incubation, the reaction mixtures were transferred to 384-well plates (Greiner Bio-One, 781186) under normoxic conditions and stored at − 80 °C for subsequent LC-SRM measurement using the UPLC gradient conditions specified in Supplementary Table 7 .
Individual metal effects.
To determine the contribution of individual metals towards facilitating specific TCA metabolite interconversions we tested each
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of the constituents of the Archaean sediment simulation for their catalytic potential. The same experimental setup as above was applied, using isocitrate and α -ketoglutarate as substrates and mixing them with each metal individually (200 μ M FeCl 2 , 200 μ M FeCl 3 , 10 nM CoCl 2 , 400 nM NiCl 2 , 10 nM MoO 4 , 100 μ M H 3 PO 4 ) under low-oxygen conditions; normoxic conditions were used for Fe(iii). Substrates and products in 324 samples plus controls were measured via the LC-SRM method using the UPLC gradient conditions given in Supplementary Table 8 .
Reaction mixtures containing oxaloacetate were generated by combining oxaloacetate with FeCl 2 at the same concentrations as stated above but under normoxic conditions, directly followed by incubation at 40 °C in the autosampler of the Agilent 1290 HPLC system. Instead of stopping the reaction on ice, the HPLC system was programmed to automatically inject 1.5 μ l of the sample onto the column every 5 min for up to 2.5 h. The three replicates for the FeCl 2 condition and the iron-free control were measured in alternating order. Substrates and products in 113 samples plus controls were measured via the LC-SRM method using the UPLC gradient conditions in Supplementary Table 8 .
Dependence on pH.
To determine the effects of pH on ferrous-iron-induced non-enzymatic reactivity, the interconversion experiments were carried out in the presence of 5 mM sodium phosphate buffering at pH 3, 5, 6, 7, 8 and 9, in a manner analogous to the experiments described in ref. 17 . Furthermore, the reaction mixture consisted of 100 μ M isocitrate (or water as control) and 200 μ M iron(ii) chloride (Sigma-Aldrich, 372870). The correct starting pH was controlled for by initial measurement, and kept constant throughout the incubations via the buffer capacity of the respective buffer. Substrates and products in 252 samples, plus 56 controls, were measured by the LC-SRM method using the UPLC gradient conditions in Supplementary Table 9 .
Screening of iron/sulfur compounds for their catalytic impact on TCA cycle intermediates.
For screening of iron and/or sulfur species that actively promote non-enzymatic reactivity among TCA metabolites, the experimental setup was adapted to a 96-well format. Samples were prepared in glass-coated 96 well plates (Thermo Scientific, 60180-P300), sealed under low-oxygen conditions and additionally vacuum-packed to prevent any possible well-to-well crosscontamination. The substrates (100 μ M), citrate, cis-aconitate, succinate, malate and fumarate were used individually and mixed with all possible combinations of the iron sources (FeC 2 H 3 O 2 , FeCl 2 , FeCl 3 , Fe(ClO 4 ) 2 , Fe(ClO 4 ) 3 , ferrocene, FeS and iron-free controls) and inorganic or organic sulfur species (2-mercaptoethanol, cysteine, DL-ethionine, dimethylsulfoxide, homocysteic acid, NaHSO 3 , methionine, (NH 4 ) 2 S 2 O 8 , Na 2 SO 3 , Na 2 SO 4 and sulfur-free controls); all these iron and sulfur species were used at 200 μ M. The samples were heated to 70 °C in a water bath for 0 and 300 min. This resulted in a total of 1,320 samples plus controls. Samples were then transferred to 384-well plates (Greiner Bio-One, 781186) under normoxic conditions and stored at − 80 °C for subsequent LC-SRM measurement using the UPLC gradient conditions in Supplementary Table 10 .
Non-enzymatic TCA qualitative and quantitative (kinetic) validation experiments.
On the basis of the statistical analysis of the iron/sulfur screening results, we selected the most potent non-enzymatic interconversion conditions and verified them in a time series experiment with three replicates using a comprehensive targeted mass spectrometric quantification method. The substrates citrate, isocitrate, cis-aconitate, α -ketoglutarate, succinate, succinic semialdehyde, fumarate and malate were diluted to 100 μ M in UPLC grade water and mixed with 200 μ M peroxydisulfate in the presence of absence of 200 μ M ferrous sulfide (FeS). In analogy to the experiments above, these mixtures were sealed under anoxic conditions and were incubated at 70 °C in a water bath. Samples were collected after 0, 10, 30, 60, 120 and 300 min by rapid cooling on ice, resulting in 432 samples plus controls, which were transferred to 384 well plates and stored at − 80 °C for subsequent LC-SRM analysis using the UPLC gradient conditions given in Supplementary Table 11 .
Recovery and specificity calculations. Recovery rates were quantified via the quotient of the respective TCA metabolites at timepoint t = 0 and the total sum of concentrations measured after 2 h of incubation at 70 °C. The amount of products at timepoint t = 2 h divided by the total sum of TCA metabolites (substrate + products) was calculated to determine the percentage of specific TCA products. Note that the absolute quantification of citrate in the presence of peroxydisulfate (and with it the calculated recovery rate) was hampered by an unusually high variance (coefficient of variance, CV = 25.6%) for this metabolite due to an unknown mechanism/chemical interference (the average variance for all other features, metabolites, and recovery rates remained low: CV = 3.48%). For this technical reason, the recovery rate calculated for citrate and the efficiency of the reactions that started from citrate, had a higher uncertainty according to this CV value.
Comparison of hydrogen peroxide and peroxydisulfate as radical donors for non-enzymatic TCA-like reactions. To investigate the potential contribution of sulfur radical species to the non-enzymatic reactivity facilitated by peroxydisulfate, we compared them with hydroxyl radicals generated from hydrogen peroxide. In three replicates, we incubated 100 μ M citrate, isocitrate, cis-aconitate, alphaketoglutarate, succinate, fumarate and malate with 200 μ M hydrogen peroxide or 200 μ M peroxydisulfate at 70 °C under anoxic conditions and collected samples after 0, 10, 30, 60, 120 and 300 min (378 samples plus controls) and measured them via LC-SRM using the UPLC gradient conditions in Supplementary Table 11 .
Sulfate and hydroxyl radical scavenging experiments. The differential radical scavenging properties of 2-propanol and tert-butanol were exploited to test for the importance of sulfate over hydroxyl radicals. In these experiments, 200 μ M peroxydisulfate was mixed with 100 μ M citrate, isocitrate, cis-aconitate, α -ketoglutarate, succinate, fumarate or malate individually and each combination was treated with 500 μ M 2-propanol, 500 μ M tert-butanol or water as a control. Samples were sealed under anoxic conditions, heated to 70 °C in a water bath and incubated for 0, 10, 30, 60, 120 and 300 min (504 samples plus controls) and then measured by LC-SRM analysis using the UPLC gradient conditions specified in Supplementary Table 11 . 
